A slab geometry, in which ferroelectric is inserted between two "cladding" layers with a microstrip electrode placed on top, is proposed as a way to integrate the properties of ferroelectric materials into microwave components. This structure distributes the propagating microwave fields between the ferroelectric and the cladding, so that the microwave dielectric constant is a weighted average of the dielectric constants of the two materials. It is shown that this geometry drastically reduces dissipation due to dielectric losses in the ferroelectric. In addition, by applying a dc bias to the microstrip line, the dielectric constant of the ferroelectric layer can be varied and with it the microwave properties of the structure.
INTRODUCTION
Due to its lack of moving parts and potential for conformal installation on vehicles, missiles and aircraft, the electrically scannable (E-scan) antenna is a vital component of military systems [1] . Most approaches to designing such antennas involve some type of phased array, in which beam steering is implemented by phase shifters. It has long been known that ferroelectric materials can be used to make such components, since they can provide voltage-controlled phase shifts by virtue of their nonlinear dielectric response.
Recent in-house efforts on E-scan antennas at the Army Research Laboratory have centered on a true-time-delay approach to generating the antenna phase shifts, in which a tapped delay line, usually some sort of microwave transmission line, is used to phase the antenna signals by sampling a nondispersive propagating wave at equal intervals along its path. If the delay line is uniform, it is easy to show that an array phased in this way has a far-field pattern whose main lobe points at an angle θ MB given by
where D is the spacing between taps, d is the distance between array radiators, and ε is the dielectric constant of the delay line. If ε is frequency independent, the angle θ MB is also, so that broadband signals can be transmitted without causing the beam to move. In addition, if the transmission line is a microstrip line on a ferroelectric substrate, the field dependence of ε makes it possible to steer the beam electrically with a single dc voltage between the strip and the ground plane. The properties of ferroelectrics alluded to above make them a natural choice for the delay line material. However, schemes based on ferroelectrics turn out to be difficult to implement. In order to suppress coupling between array radiators, the spacing d between them is usually λ/2, where λ is the free-space wavelength of the carrier signal (typically a few centimeters down to a millimeter). Because dielectric constants are extremely high in ferroelectrics (1000 to 4000), satisfying Eq. (1) with an ε of 1000 requires values of D < d 30 , which puts the delay line taps quite close together. This causes arcing and cross talk, and makes the line difficult to manufacture.
APPROXIMATE THEORY
Our approach to this problem is to replace the ferroelectric substrate with a guiding structure consisting of a thin slice of ferroelectric sandwiched between two "cladding" layers of low-ε material. We have found that there is a frequency range within which a delay line based on this structure, which we call a ferroelectric slab waveguide, looks like a microstrip transmission line with an "effective" dielectric constant much lower than that of the ferroelectric. This ferroelectric-slab (FS) structure is shown in Fig. 1 . By analogy with microstrip [2] , let us assume that the region of the slab where the wave fields exist is bounded laterally at x = ±L/2 by magnetic walls. Then for waves propagating along z with propagation constant q(ω), the structure has a set of TE modes whose electric field E y (x) is perpendicular to the ground THE FERROELECTRIC SLAB WAVEGUIDE 1067 FIGURE 1 Ferroelectric slab structure. plane and the microstrip metal. This field satisfies the wave equation:
In contrast to ordinary microstrip, these FS modes are nonuniform in x due to the nonuniformity of ε(x):
= A cos hK 2 l/2 cos hK 1 /2
Note that the field is oscillatory inside the ferroelectric and exponentially decaying outside in the cladding, like the field of an optical fiber mode [3] . Matching the field and its derivative at the boundary (in order to ensure continuity of the longitudinal magnetic field H z ), gives the relation
Combining this with the equation
and solving (2a) and (2b) numerically for K 1 and K 2 as a function of frequency, we obtain the propagation constant, e.g., from q (ω) 2 = ε cl Figure 2 shows the fundamental-mode electric field distribution of an FS with L = .3 cm, l = .005 cm, ε 2 = 1000, and ε 1 = 3.6, at two frequencies: f = 3 GHz and f = 50 GHz. At the lower frequency, the electric field is almost uniform across the structure, like the fundamental mode of an ordinary microstrip line. At f = 50 GHz the confinement is apparent. The width of the ferroelectric is too small to see on this scale.
At low frequencies the mode problem can be solved analytically, and it is
, from which we obtain the propagation constant q = ε cl ω 2
In this limit, the FS mode resembles the fundamental (TEM) mode of an ordinary microstrip line on a substrate whose dielectric constant equals the weighted average of the dielectric constants of the two FS layers, i.e.,
This expression is also derivable from a simple parallel capacitor model. It is easy to show that the electric field under the microstrip is uniform in this limit, like that of microstrip. As the frequency increases, dispersion increases along with the confinement. Figure 3(a) shows the full dispersion relation for the structure described in Fig. 2 . It is clear that there is a turnover point around 7 GHz where dispersionless propagation ends. This point is a critical design number for high-frequency devices, and must be identified for each structure. A perturbation analysis of (2a), (2b) reveals that the propagation is dispersionless as long as the relation β( ω c c √ ε eff ) 2 1 is satisfied, where Clearly there are two ways to satisfy this inequality: either by operating at low frequencies or by making the two dielectric materials have almost the same dielectric constant. The former method precludes high-frequency operation, while the latter is of no practical use because there are no perovskite ferroelectrics with small ε fe . However, there is a third limit in which the line is dispersionless: when l is small but ε fe is large. In this limit we have K 1 → 0, which makes the electric field E y (x) independent of x, while at the same time ε eff = ε fe , ε cl as long as l and ε fe are chosen so that the product ε fe l L remains sizable. Although K 2 does not vanish in this limit, the volume occupied by ferroelectric becomes too small to affect the propagation. Figure 3(b) shows a more useful dispersion curve for an FS line with a drastically narrower microstrip electrode. Although the effective dielectric constant is now very large, the dispersionless regime extends to almost 30 GHz.
Another advantage of the FS structure is that it can greatly reduce losses intrinsic to the ferroelectric by putting most of the electric field of the wave in the cladding, where losses can be miniscule. A perturbation analysis of the propagation [4] for a line with lossy ferroelectric gives the following expression for the complex propagation constant:
where E y (x) is the lossless mode shape given by Eq. (2) and ε I (x) is the imaginary part of ε(x), which is nonzero only in the ferroelectric. This equation can be used to derive the loss tangent, and shows clearly how a small volume of ferroelectric leads to low losses. FIGURE 4 Line losses for an FS with structural parameters L = .3 cm, l = .005 cm, ε fe = 1000, and ε cl = 3.6, and ferroelectric loss tangents .03 (a) and .003 (b). Figure 4 shows the line losses for the structure defined in Fig. 2 , for two values of ferroelectric loss tangent: a "fair" value (a) and a "good" value (b). Despite the fact that these loss tangent are dismal compared to ordinary dielectrics, the losses are extremely low even over a line several centimeters long. Note that these loss reductions are achieved with no sacrifice of "tuning," i.e., the rate of change of ε with bias.
HFSS SIMULATIONS
Analytic results for the propagation of the lowest slab mode were checked using the simulator HFSS. Figure 5 shows analysis results for a model FS transmission line. The line, shown in Fig. 5(a) , is made by sandwiching a ferroelectric layer (ε = 800) 1 mil wide and 15 mils thick between two cladding layers made of alumina (ε = 9.4), each 15 mils thick; it is 1 inch long. The layers sit on a copper ground plane, and a 20 mil wide microstrip is laid across them with the ferroelectric at its center. The line is top-surface coupled to three patch antennas optimized for 12 GHz on alumina. Figure 5(b) shows the electric field on the ground plane as predicted by HFSS; the colors indicate values of the normal electric field on the underlying ground plane, with red the highest and blue the lowest.
Several things about these simulation results are noteworthy:
(1) The line field is tightly confined beneath the microstrip, as predicted by the analytic model. (2) For this geometry the effective dielectric constant is 49. Using Ansoft's microstrip transmission line model, we would predict 6 wavelengths per inch at 12 GHz for a microstrip with this dielectric constant and geometry. Counting two "hot spots" per wavelength, we see that HFSS predicts 5.25 wavelengths, in reasonable agreement with the Ansoft models. This verifies that the ferroelectric does indeed modify the dielectric properties despite its extreme thickness. (3) The coupling to the patches is fairly good, with HFSS predicting a radiation efficiency of 7% for this unoptimized structure.
EXPERIMENT Figure 6 shows an experimental result for an untapped structure about 5 cm long. The trace marked with the arrow is a plot of the complex phase of the FIGURE 6 Phase shifts for untapped delay line, thin ferroelectric layer. versus frequency, for a bias field E bias = 1.5 V/µm. To a good approximation, this corresponds to the traveling-wave phase across the line, which for this trace is 17 • . Note the extreme linearity of the plot out to 12 GHz, indicating dispersionless propagation all the way to X-band. Figure 7 shows an earlier result for a structure with a thicker ferroelectric layer; there are sizable phase shifts at low bias fields for this line as well, due to the larger amount of ferroelectric, but the curvature of the traces indicates that dispersion is strong. The peaks in the data correspond to resonances due to imperfect impedance matching at the end of the line. Reflections also suppress the phase shift, which should have been around 400 degrees for this structure. The remarkably small fields needed to change this linear trend attest to the promising nature of our approach. The percent change in ε here was 10%.
CONCLUSION
In conclusion, we believe that FS microwave structures address and solve many of the problems that limit the use of ferroelectrics in microwave devices. We have begun to address some of the hard issues relating to impedance matching and aperture coupling of these lines to other microwave devices, e.g., patch antennas, and will report on our progress in a future publication.
